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(57) Abstract: An index-guiding optical fiber (200) having a plurality of elongated void regions (206, 212) in the core and cladding 
is described. The void regions (206, 212) are preferably rilled with air, vacuum, or an inert gas. The void regions (206) occupy a 
substantial first percentage of the area of the core (202) when viewed in cross-section. The void regions (212) occupy a substantia! 
second percentage of the area of the cladding region (208) when viewed in cross-section. The first percentage of void area (206) in 
the core region (202) is less than the second percentage of void area (212) in the cladding region, whereby the cladding region (208 ) 
has a lower effective index of refraction than the core region (202), allowing for propagation of light waves by an index-guiding 
effect. In a preferred embodiment, there is a greater than 1:1 ratio of void area to material area in both the core region (202) and 
cladding region (208) of the microstructured optical fiber. Because the light waves "see" less glass material as they propagate down 
the longitudinal axis of the fiber, there is increased transmission efficiency as compared to conventional index-guiding optical fibers 
with solid core and cladding. 
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MICROSTRJJGTURED OPTICAL FIBER , » ; 
WITH IMPROVED TRANSMISSION 
EFFICIENCY AND DURABILITY 

5 .... , 

FIELD , . . 

Tliis patent specifcaton relates to the field of optical fibers. More particularly, it 
relates to a microstructured optical fiber that allows for unproved transmission efficiency 
10 and physical durability in fiber optic communication applications. . _ t 



BACKGROUND 

/advances in fiber optics technologies have made optical fiber communications the 
method of choice in the transmission of high bit-rate digital data over long distances. A 
15 - conventional optical fiber is essentially an optical waveguide having an inner core and an 
outer cladding, the cladding having a lower index of refraction than the core. Because of 
the difference in refractive indices, the optical .fiber is capable of confining light that is 
axially introduced into the core and transmitting that light over a substantial distance. 
Because they are able to guide light due to total internal reflection principles, conventional 
20 optical fibers are sometimes referred to as index-guiding fibers. Conventional optical 
fibers are made of fused silica, with the core region and the cladding region having 
different levels of dopants (intr oduced ^ unties) to result in the different indices of 
refraction. The cladding is usually doped to have a refractive index that ranges from 0.1% 
(single mode fibers) to 2% (multi-mode fibers) less than the refractive index of the core, 
25 which itself usually has a nominal .refractive index of 1 .47. . 

Conventional optical fibers. have a solid cross-section. As light travels through the 
solid fused silica material, it is subject to several adverse effects that reduce the efficiency 
.-of information transfer and the practical distance over which information may be carried 
by -the light. These effects, include attenuation or loss (reduction in signal magnitude), 
30= ^dispersion (chromatic, waveguide and modal), miscellaneous nonlinearities (such as 
• ' stimulated Raman scattering, sthnulated Brillouin- scattering, and optically induced 
birefringence), and other adverse effects. . : 
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Although the light is being transmitted through many meters or kilometers of solid 
material, relatively low losses can be experienced at certain wavelengths of light. 
Conventional fibers today, for example, have attenuations as low as 0.25 dB/lcm at 1550 
nm - about 1% of the light entering the fiber still remains after 80 km. Using today's 
5 amplifier and detector technologies, this allows signals to go through more than 100 km of 
fiber without amplification, an important advantage in long distance communications. 
Nevertheless, it would be desirable to even further minimize the above mentioned adverse 
effects in optical fibers, for increasing the efficiency and reducing the cost of fiber optic 
communications. 

10 Another problem that arises in conventional optical fibers relates to the physical 

durability and robustness of the optical fiber itself. A variety of outside influences can 
change the physical characteristics of optical fibers and affect how they guide light. As a 
' first example, the beiiding of an optical fiber into tight loops or other tightly curved shapes 
may cause the unwanted propagation of midrbcriacks in the fused silica structure. Upon 

15 such bending of the fiber, the microcracks can become larger and extend across a 

substantial portion' of the Cross-section bf the optical fiber, rendering it inoperable. As a 
second example, extenfel forces may squeeze 1 or pinch the outside surface of ail optical 
fiber, such as when a fiber is tightly pulled around a sharp corner.- Upon such squeezing or 
pinching, the structure of the fused silica material inside the fiber may contort slightly. 

20 This can cause unwanted polarization effects in the light being transmitted through the 
fiber, also reducing the fibers capacity or rendering it inoperable. Accordingly, it would 
be desirable to provide a fiber optic structure that is more robust to external bending, 
pinching, or squeezing of the fibef optic cable. 

As described by Broetig efcfel .-in WO9964903, the contents of which are hereby 

25 incorporated by reference iiito the present disclosure, recent- developments in optical fiber 
technology have been introduced : by wa^tif micrbstructured photonic bahdgap (PBG) 
fibers. Iri contrast to convSrifibnal optical fibers- in which a high-index core is surrounded 
by a' low-index cladding^ PfeO r fibers c6rripri3fe at^ow-index (6r ? even hdlloW) core 
sub-bunded by a higher- indefc'claddirig : that eofttains carefully placed air voids. The'air 

30 voids run longitudinally, parallel to the "central axis of the-fibeiv When the air voids are 
placed in the cladding such that a cross-section of the fiber has a specific, predetermined, 
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. periodi^pattern qf air yoids, a r photqiiic r bandgap (PBG) effect may be achieved. When the 
- PBG effect is achieved, the claddmg^ttcture is capable olcompletely reflecting certain 
wavelengths of light at certain incident angles, .and is thereby capable of confining the light 
to a region surrounded by the cladding structure for propagation down the length of the 
5 fiber. The PBG effect is achieved even though the refractive index within the region of 
confinement may be lower than that of the surrounding cladding structure. 

PBG fibers, however, contain a crucial shortcoming in that proper operation is 
based on. an mterference effect. This is in contrast to conventional index-guiding fibers 
that guide due to total internal reflection. Because they depend on an interference effect, 

10 PBG fibers are extremely sensitive to even slight variations in the locations of the air voids 
in the cladding. Substantial deterioration in performance may take place if even one of the 
air voids is slightly misplaced. Even if properly manufactured to exacting tolerances, 
slight variations in the relative air void positions might be incurred due to external 
twisting, pinching, or squeezing that slightly deforms the fiber optic structure. This, in 

15 turn, may lead to drastic performance decreases. Accordingly, PBG fibers are not used 
today in practical fiber optic communication systems, although they continue to be the 
subject of laboratory research. 

Another type of optical fiber having longitudinal air voids is presented in U.S. Pat. 
5,802,236 to DiGiovanni et al., hereby incorporated by reference herein. The ! 236 patent 

20 discloses a microstructured optical fiber comprising a solid core region surrounded by a 
cladding region having a plurality of air voids. In contrast to PBG fiber in which careful 
periodic spacing of the ah* voids is required, the air voids of the '236 patent are not required 
to be periodic. The optical fiber of the '236 patent relies on index-guiding, and not on the 
PBG effect, to propagate the light do^ifie fiber, the index-guidmg effect being achieved 

25 when the effective refractive index of the cladding is less than that of the core. According 
to the '236 patent, because a portion of the cross-sectional area of the cladding is occupied 
tyair voids, the effective index' of refraction of the cladding region will be less than that of 
' ' the core, and index-guiding will be achieved*. Roughly speaking, the effective index of 
refraction of the diadchng willbe an average of the refractive index of air and the refractive 

30 index of the fused silica material, weighted according to the percentage of cross-sectional 
area occupied by each. 
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■" ' ' FIG. 1 illustrates a cross^sectioifarview bf an optical fiber 1 00 similar to that 
disclosefflri the '23 6 patent tod Optical 
fiber 100 comprises a core region 102 surrounded by a cladding region 104. The core 
region 102 is solid glass material. The cladding region 104 is solid glass material 
5 surrounding a plurality of air-void cladding features, in particular, first cladding features 
106 and second cladding features 108. The first cladding features 106 are positioned such 
that the inscribed diameter of core region 102 is 1.017 pm. The first cladding features 106 

c ' each have a' diameter of 0.833 ^im, while the second cladding features 108 each have a 
diameter of 0.68J5 pin, the cladding features all having a center-to-center spacing of 0.925 

10 \im. 

Although it is less dependent on precise air void spacing, thereby resolving a 
problem presented by PGB fibers, the optical fiber 100 of the f 236 patent itself has 
shortcomings. First, because the core region 102 is solid glass material, the propagating 
light waves still "see" a substantial amount of glass as they travel down the fiber, and . 

15 thereby still experience the loss, nonlinearities, etc., associated with travelling through .that 
much glass material. Second, the first and second cladding features 104 and 106 have 
dimensions that are substantial fractions of the 1.55 ]xm wavelength of light to be carried 
by the fiber 100 (54% and 44%, respectively, of the 1 .55 wavelength in vacuum, or 
81% and 67%, respectively, of the 1.033 p.m wavelength in silica glass having a refractive 

20 index of 1.5.). In such case, the effective index of refraction may not be sufficiently 
uniform around any given circle at a given radius from the center, causing unwanted 
polarization, losses, or other undesired effects. Furthermore, because the air voids are 
. relatively large and leave a substantial amount of solid glass in the cross section, the 
optical fiber 100 is still subject to microcrack propagation and unwanted polarizations that 

25 may be induced by external bending, pinching, or squeezing of the optical fiber. Finally, 
the capillaries formed by the air voids mij. continuously through the fiber from end-to-end. 
In practical installations in which water or other fluid might accidentally enter the optical 
fiber at a single point, there is nothing to prevent catastrophic failure of the optical fiber 
due to flooding of entire, capillaries. . 

-4- 
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. . r Accordingly, it would be : desirable to provide, an improved optical fiber having 
reduced signal attenuation for increased . efficiency in long-distance fiber- optic 
communications. v . . , 5 . , f : . /. . . 

It would be further desirable to provide an optical fiber having reduced dispersion 
5 effects and nonlinear effects for. increased efficiency in long-distance fiber optic 
communications. - ? *. : i: 

It would be still further desirable, to provide an improved fiber optic structure that is 
more robust than prior art fibers to . external bending, pinching, or squeezing of the fiber 
optic cable. -■. ■ t , . 

10 It would be even further desirable to provide, in a microstructured optical fiber 

. having capillaries formed by air voids, a structural improvement that prevents catastrophic 
flooding of the optical fiber upon accidental introductions of fluid into the fiber at a given 
. , point. , . ( 

Other desirable features, effects and results will bepome apparent from the 
15 disclosure below. 

SUMMARY . 

In accordance with a preferred embodiment, a microstructured optical fiber is 
provided comprising a core region and a cladding region, the core region being made of a 
20 core material such as fused silica into which is formed a plurality of void regions that are 
elongated and parallel to a center longitudinal axis. The void regions are preferably filled 
with air, vacuum, or an inert gas, but may be filled a variety of liquids or solids. When the 
core region is viewed in cross-section, the void regions occupy a substantial first 
percentage of the area of the core region. The cladding region is likewise made of a 
25 cladding material, which is usually the same as the core material, into which is formed a 
plurality of void regions that are elongated and. parallel to the center longitudinal axis. 
When the cladding region is viewed in cross-section, the ; yoid regions occupy a substantial 
r second percentage of the area of the cladding region. In accordance with a preferred 
. embodiment, the first percentage of void area in tlie core region is less than the second 
30 percentage of void area in the cladding region, whereby the cladding region has a lower 
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effective index of refraction than the core region. This effective refractive index difference 
allows for propagation of light waves through the optical fiber by an index-guiding effect. 
In a preferred embodiment, there is an approximately greater than 1 : 1 ratio of void 
- area to material area in both the core region and cladding region of the microstructured 
5 optical fiber. Because the light waves "see" (or interact with) less glass material as they 

propagate down the longitudinal axis of the fiber, there is increased transmission efficiency 
. as compared to conventional index-guiding optical fibers in the form of reduced signal 
.. > attenuation, reduced dispersion effects, and reduced nonlinear effects.. 

According to a preferred embodiment, microstructural dimensions in the core and 
10 cladding are kept very small as compared to the wavelength of light.' For propagation of 
1.55 yim (micrometer) light, for a substantial length (over 99%) of the optical fiber, the 
average cross-sectional dimension of the void regions preferably should be no greater than 
0.1 pm, which is less than one-tenth of the wavelength, and no substantial number of void 
regions should have a cross-sectional dimension greater than 0.3 jam. These dimensions 
15 are preferred due to the detrimental effects of large void sizes, such as non-uniform 

distribution of the effective refractive index and greater index variations due to the large 
void sizes, which may result in optical moclal variations. However, for certain portions of 
the fiber, at points of slicing or the beginning or the end of the fiber, large voids may be 
introduced to change the modal pattern of the light in the fiber for rriode matching to other 
20 optical elements. Advantageously, due to the small microstructural dimensions of the 

preferred embodiments, the incident light waves "see" a uniformly distributed effective 
" indek of refraction at any particular location of the fiber, thereby avoiding adverse effects 
due to localized variations that can occur 'with the larger microstructural dimensions of the 
prior art. The crbss-sectionai positioning of tiie Void regions may be amorphous or 
r 25 periodic, provided that the^eMetiVe lridei of refraction is uniformly distributed at any 

particular location. The micro^t^ctured optical fiber niay' comprise a sets' of capillary-like 
tubes or other structures thai are biuidfecl together, or may ( ^ a unitary 

piece of fused silica or other fiberoptic material into which' ithe vbici regions are etched out. 
In addition to liavirig increased transmission efficiency, a mic^ostractufed optical 
30 fiber in accordance with the^refeii'ed embodiments exhibits improved physical durability 
and robustness. Because of the very small size of the void regions, and the accordingly 
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higher spatial density .of voids, if the optical -fiber is pinched or squeezed at a given point, 
the outer void regions preferably* will deform to absorb the pinching. pres r siire and leave the 
inner voids substantially unchanged. This preferably will avoid unwanted polarizations or 
other adverse effects exhibited by solid fused "silica when subjected to such stresses in 
5 conventional optical fibers. Moreover, the small void regions serve to mechanically inhibit 
the propagation of microcraclcs into the cladding or core from the outer perimeter of the 
fiber, providing increased robustness to external bending of the optical fiber. 

Further physical durability is achieved where, in accordance with a preferred 
embodiment, the void regions are intermittently pinched off in their longitudinal directions 
10 as part of their manufacturing process. . This prevents capillary-effect flooding of the 
optical fiber if there' is an unintended introduction of water, water vapor, or other fluid or 
fluid vapor into tire fiber. In accordance with a preferred embodiment, the longitudinal 
• positionings of the intermittent pinches are randomly distributed among the void regions, 
such that light waves propagating down the fiber are not substantially affected by the 
15 . presence of the intermittent pinches; in the air voids: In accordance with an alternative 
, j > embodiment, the longitudinal positionings of the intermittent pinches may be distributed in 
a periodic fashion suclvthat reflections would be reduced b)^ interference effects. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 • FIG. 1 illustrates a prior art optical fiber microstructure; ■ 

; FIG. 2 illustrates a cross-section of a microstructured step-index optical fiber in 
accordance with a preferred embodiment; » ' 

% FIG. 3 illustrates a cross-section of a micro structured graded-index optical fiber in 
: accordance with a preferred embodiment; . ■ < : < > r ; : . 
25 FIG. A illustrates a cross-section of f an. optical fiber in accordance with a preferred 

. embodiment;: -J: ^ v. i Uv . »"-:-■ 

,*j - FIG. 5 illustratesta cross-section of an optical' fiber in accordance with a preferred 
embodiment; r • ■ 

; - J; .-. , _ > ■ ■ FIG.. 6 illustrates-* a longitudinal, cross-section of ah optical fiber in accordance with 
30 a preferred embodiment; and v.- . ?• * • - - : 
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■ . - FIG. 7 illustrates steps thatmay be taken in manufacturing a microstructured 

. optical fjfegr in accordance with a preferred ^embodiment. 

DETAILED DESCRIPTION 

5 FIG. 2 illustrates a cross-tsection of a microstructured fiber 200 in accordance with 

a preferred embodiment; Microstructured fiber 200 comprises a core region 202 
comprising a plurality of adjacent tubular structures 204 made of fused silica or other 
: suitable fiber optic material. The tubular shape of the individual structures 204 in FIG. 2 is 
. presented by way of example only, it being understood that any of a variety of shaped 
10 structures (e.g. squares, hexagons, other polygons, solid material with etched voids, etc) 
may be used in .accordance with the preferred embodiments. As illustrated in FIG. 2, a 
plurality ,of void regions: 206 are created in the core by virtue of the shape of the tubular 
structures 204, including inner void regions contained within each tubular structure and 
. outer void j-egions formed by the gaps;between neighboring structures. The void regions 
15 206, which, include .the gaps between neighboring tubular structures as necessary, aire i 
preferably filled with; air, yacuum,- dr an inert gas, but may be filled a.variety of liquids or 
solids provided that the collective index of refraction of the of the cladding region is less 
than the collective index of refraction of the core region. (For the purpose of this patent 
specification, vacuum is referred to as a "material.") For example, selected tubes can be 
20 filled such that there may be may be a higher index locally in the cladding but collectively 
- .a lower index than the core. By choice of different elongated shapes for the structures 204, 
such as hexagonal shapes, the outer void regions between neighboring structures can be 
substantially eliminated.: The outer void regions may alternatively be collapsed when the 
tubular or other structures are fused together- in the manufacturing process. It is to be 
25 understood that- more layersfknct structures are involved in an actual manufactured fiber 
such as hermetic sealant coatings, additional layers/structures to give the fiber strength, etc. 
- For simplicity and clarity of ^disclosure however, only the basic light-guiding elements of 
the optical fiber, i. e. , the core and cladding regions, are shown. 

Microstructured fiber 200 further 'Comprises ja cladding region 208 surrounding the 
30 core region 202, the cladding region likewise comprising a plurality of adjacent tubular 
structures 210 made of fused silica or other suitable fiber optic material. The tubular shape 
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of the cladding structures 210 in FIG. 2 is likewise presented by way of example only, it 
being understood that any of a variety of shaped structures may be used. Furthermore, the 
shape of the cladding structures 210 may be different than the shape of the core structures 
204 without departing from the scope of the preferred embodiments. A plurality of void 
5 regions 212 in the cladding region are formed by virtue of the shape of the tubular 
structures 210. The void regions 212 of the claddin^will usually be filled in the same 
manner as the void regions 206 of the core, although they may be filled, with different 
material without departing from the scope of the preferred embodiments. For simplicity 
and clarity of disclosure, the void regions will be presumed to be filled with air herein, 

10 whereas in practice it may be filled with an inert gas. 

In order to achieve an index-guiding effect, the core structures 204 are dimensioned 
and positioned such that a first percentage of the cross-sectional area of the core region 202 
is occupied by air, whereas a second cross-sectional area of the cladding region 208 is 
occupied by air, with the second percentage being greater than the first percentage. In this 

15 manner, the cladding region will have a lower effective index of refraction than the core 
region. This effective refractive index difference allows for propagation of light waves 
through the optical fiber 200 by an index-guiding effect. 

According to a preferred embodiment, the size of the microstructures (e.g., the 
tubular elements of FIG. 2) in the core region 202 and cladding region 208 are kept very 

20 small as compared to the wavelength of light. It has been determined that for propagation 
of 1 .55 jLim light, for example, for a substantial length (such as over 99%) of the fiber, the 
average cross-sectional dimension of the tubular structures 204 and 210 void regions 
should preferably be no greater than 0.1 jum, and no substantial number of void regions 
should have a cross-sectional dimension greater than 0.3 jum. When the optical fiber is 

25 outfitted with microstructural dimensions of such small size, the incident light waves "see" 
a uniformly distributed effective index of refraction at any particular location of the fiber, 
thereby avoiding adverse effects due to localized variations that can occur with the larger 
~ inicrostmctufal dimensions of the prior art. 

Microstractured fiber 200 may be "configured and dimensioned to be either single- 

30 mode or multhriode depending on the selected dimensions of the core region 202, the core 
structures 204, and the cladding structures' 2 10. By way of non-limiting example, for 

-9- 
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single-mode operation at a light wavelength of 1:55 fim, the following dimensions may be 
used. ' The core regio'ri 202 may have a diameter of 8 p.m, while the cladding region 208 
may have a diameter of 125 |Lim. Each core tubular structure 204 may have an inside 
diameter of 0.05 jim and an outside diameter of 0.1 |im, with, each cladding tubular 
5 structure 210 having an inside diameter of 0.052 jim and an outside diameter of 0. 1 02 \im. 
As indicated by the magnitudes of the above numbers, it is to be appreciated that, for 
clarity of disclosure, the figures provided are not drawn to scale. 

Using the above dimensions, and assuming minimal air gap between tubular 
structures as may occur in the fiber bundling process, the following light guiding 

10 characteristics are realized. It is to be appreciated that these characteristics are presented 
by way of initial approximation only, and that one skilled in the art would use these initial 
approximations as a starting point in deriving the precise performance characteristics from 
computer simulations using methods known in the art, whereby the specific structural 
configurations and dimensions would be empirically perfected in an iterative fashion. As a 

15 first approximation, the effective index of refraction of each region will be an average of 
the refractive index of air and the refractive index of the fused silica material, weighted 
according to the percentage of cross-sectional area occupied by each. In particular, if A is 
the cross-sectional area occupied by silica glass and B is the cross-sectional area occupied 
by air, then the effective index of refraction r|eff is given by Eq. (1): 

20 

Tleff = [A/(A+B)]Tl_sUica + tB/(A+B)]T]air { 1 } 

Using an index of refraction of 1 .0 for air and 1.5 for fused silica, the core region 
202 is computed to have an effective refractive index T) CO re equal to (75%)(L5) + 
25 (25%)(1 .0) = 1 .375. The cladding region 208 is computed to have an effective refractive 
index Tided equal to (74.01%)(1.5>+ (25.99%)(L0) = 1.3701, for a refractive index 
difference of 0.356%. This 0.356% difference in the effective refractive indices will 
provide for an index-guiding effect for propagating light waves down the fiber. 

To a rough approximation,, the optical fiber 200 with the above dimensions will 
30 have a numerical aperture as computed in Eq. (2): 

-10- 
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i . : ■ . NA = V(r| core 2 ?*\ c iJ) =W(.1.375 2 - 1.3701 2 ) = 0.1 16 {2} 

The optical fiber 200 having a numerical aperture of 0. 1 1 6 will have a half- 
acceptance angle of 6.66 degrees; As known in the art, for a step-index fiber to have 
5 single-mode operation, it must have a V-number that is less than or equal to 2.405, where 
V is given by the equation V = (27x)(a)(NA)/(X), where c V is the radius of the core and X 
is the free-space wavelength. Using the above numbers, it is readily computed that V = 
1.88 for the above case, and therefore the fiber is expected to be a single-mode fiber at 1.55 
jam wavelength. Note that V= 2.243 for 1 ,3 \xm wavelength and is also single mode, 

10 whereas V=2.975 for 0.98 pm wavelength resulting in multimode operation. However with 
proper design, a wide range of wavelength from visible to infrared can be propagated 
either as single mode or multimode. 

It is to be noted with respect tp Eq, (1) above that when B = A, the effective index 
of refraction r| e ff is 1.25 while for B - 2 A, is 1.16. IlTaccordance with a preferred 

15 embodiment, an effective index r| sf f approaching 1 is achieved by maximizing the ratio of 
air gap to silica material in the cross-section of the light-guiding portion of the optical 
fiber. According to a preferred embodiment, it is preferable to maintain a fiber, optic cross- 
section having a large proportion of its area dedicated to air voids in both the core region 
and the cladding region. The light v/aves will accordingly n see" less glass material as they 

20 propagate down the longitudinal axis of the fiber, resulting in increased transmission 
efficiency (reduced signal attenuation, reduced dispersion effects, reduced nonlinear 
effects, and increased transmission velocity) as compared to conventional, .solid index- 
guiding optical fibers. Although the air void to cross-section ratio of the above, example 
(25% for the core, 25.99% for the cladding) yields good results, it is found to be even more 

25 desirable for this ratio to be greater than 50% for each of the core and cladding regions. In 
solid-core and solid-cladding prior art optical fibers in which the refractive index is 
approximately 1 .5, the velocity of propagation is approximately c/1 .5, where c is the speed 
- .of light in a vacuum^ When the air void to cross-section ratio is greater than 50%dn 
accordance with a preferred embodiment,' the effective refractive index will be less than 

30 1.25 and, advantageously, the.velocity of propagation will be greater than c/l .25, which 
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represents at least a 20% increase in propagation yelocity as compared to solid-core and 
solid-cladding prior art optical fibers. 

Importantly, provided that they are very small compared to the wavelength of light 
; . being transmitted, the dimensions of the optical fiber microstructures may vary widely 
5 without departing from the scope of the preferred embodiments. For instance, the size of - 
the individual tubular elements may ieven.be an order of magnitude less than the above 
dimensions. Thus, the core tubes may have an outside diameter of 0.01 jam and an inside 
diameter of 0.005 \xm while the cladding tubes may have an Outside diataeter of 0.0102 jam 
'and an inside diameter of 0.0052 jimV If the overall dimensions of the optical fiber are kept 
10 the same, i.e., a core diameter of 8 jam and outside cladding diameter of 125 \xm 9 similar 
transmission results may be achieved. It should be noted-that the core size of 8 \xm is taken 
as an example and the core size can be varied depending on the index difference between 
the core ahci the cladding. Also/ for nuiltimode^pplicatrons^cbre diameters of 50 to 62 
micrometers are commonly used in con ve&ionaT optical fibers and similarly can be 
15 - implemented in accordance with the preferred embodiments, o J n ; c \ 

The cross-sectional positioning of the?, tubular- structures 204 and 21 0 of FIG. 2 may 
be amorphous or periodic, provided that-the effective index of refraction is uniformly 
distributed at any particular location. The optical fiber 200may comprisesets of capillary- 
like tubes or other structures that are bundledtogether as in FIG. 2; or may alternatively 
20 comprise a unitary piece of fused silica or other fiber optic material into the void regions 

' are etched out, as will be shown mfr a. — - ; > :: 

In addition to having increased transmission efficiency, a microstructured optical 

- fiber in accordance with the. preferred embodiments exhibits improved physical durability 

- and robustness. Because ?df the very smallisize of the void regions and accordingly higher 
25 spatial density of voids, if the optical ofiberis pinched or squeezed at a given point, the 

outer void regions preferably wilLdefonu to absorb the pinching pressure. and leave the 
inner voids substantially-unchanged.: Thisprefer&bly will avoid unwanted polarizations or 
other adverse effects exhibited by solid fuseid'silica When subjected to such stres&es in 
conventional optical fibers; More6ver,:JthB "small void regions serve to mechanically inhibit 
30 the propagation of microcracks into the cladding orcore from the outer perimeter of the 
fiber, providing increased robustness to external bending of the optical fiber. 
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It is to be appreciated that although fused silica! material is used in the above 
examples, the material could be a. different material such as a polymer as 'currently used in 
plastic optical fibers. Advantageously, the known problems with severe transmission 
losses in plastic optical fibers may be significantly reduced if the microstructure of FIG. 2 
5 is used, thereby making plastic optical fiber a more realistic alternative. Other material 
that may be used includes litliium niobate fibers, III-V material such as gallium nitride, or 
other materials. - 
- FIG. 3 illustrates a cross-section of a microstructured graded-index optical fiber 

300 in accordance with a preferred embodiment. Optical fiber 300 comprises a series of 
10 tubular structures that are gradually graded from having a lower air-to-cross-section ratio 
near the center : ,of a core region 302 to having a higher air-to-cross-section ratio as the 
radius increases into a cladding region 304. Index-guiding is achieved through the steadily 
decreasing effective index of refraction as the radius increases;. Specific graded-index 
profiles ; known in the art may.be achieved by .adjusting the dimensions of the tubular 

15 - structures. ; / . . .," . , . • , 

FIG. 4 illustrates a cross-section of an. optical fiber 400 in accordance with a 
preferred embodiment^cornprising„a core region 402 having circular holes and a cladding 
region 404 comprising hexagonal honeycomb structures 406. As disclosed supra, it is 
• desirable to remove as much core and cladding material as possible to increase the air void 
20 to cross-section ratio for increasing transmission efficiency. In order to remove as much 
material as possible, polygonal structures can be used for the cladding layers, while 
, circular holes may still be used in the core region. With proper dimensioning analogous to 
that disclosed supra with respect to FIG. 2, this combination of circular holes and 
polygonal holes can be used to achieve the desired index of refraction for the core region 
25 and the cladding region: , . 0 :./■••.■■ 

: . FIG. 5 illustrates .a cross-section of an optical fiber 500 in accordance with a 
_ preferred embodiment. Jt is to be .appreciated that the effective index of refraction can be 
- accomplished by either varying the d?nsjty and diameter of the hollow silica tubes or 
, structures <(as4n FIGS. 2-4),or i by varying the- density of the tubes and keeping the diameter 
30 constant. This is illustrated by the example of FIG. 5 , in which constant-diameter holes 
502 are placed at varying densities across the cross-section of the optical fiber 500. By 
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way of nonlimiting example, the diameter of the.holes 502 is less than 0.3 jam. It is even 
. more preferable, however, for the diameter of the holes 502 to be less thaix 0.1 Jim. In this 
example, the core region will have a greater amount of silica material and the cladding 
region will have a lesser amount of silica material and an index-guiding effect will be 
5 achieved. - .- 

FIG. 6 illustrates a longitudinal cross-section of an optical fiber 60.0 in accordance 
with a preferred embodiment, wherein each elongated air void is intermittently pinched off 
in the longitudinal direction at various locations 602. This prevents capillary-like flooding 
■ of the optical fiber if there is an unintended introduction of water, water vapor, or other 
10 . fluid or fluid vapors into the fiber. Preferably, as indicated in FIG. 6, the longitudinal 

positionings of the intermittent pinches are randomly distributed among the air voids when 
considered in cross-section. Accordingly, light waves propagating down the fiber will not 
be reflected or otherwise substantially affected as might happen if the pinches occurred in 
common longitudinal locations. In accordance with an: alternative embodiment, the 
15 longitudinal positionings of the intermittent pinches may be distributed in a periodic i 
fashion such that reflections are reduced by interference effects. 

FIG. 7 illustrates steps that may be taken in manufacturing a microstructured 
optical fiber in accordance with a preferred embodiment. Certain manufacturing methods 
relating to different types of fiber structures that also may be applicable here are provided 
20 in U.S. Pat. 5,802,236 and WO9964903, supra, alternatively orin conjunction with the 
steps provided herein. Generally speaking, however, a variety of known techniques may 
be used to manufacture microistructured optical fibers in accordance with the preferred 
embodiments: • : 

In conventional fibers (see, e.g. , G.-Keiser, Optical Fiber Communication, 2nd Ed., 
25 McGraw Hill (1991) at pp. 63 et. seq., the contents of which are hereby incorporated by 
reference 5 into the present disclosure) a fiber preform is first fabricated with the desired 
refractive index variations aiicfr geometric aspect ratios. The preform is then drawn to a 
fiber of approximately 130'}im in diameter from apreforrn 'that "can be 10 cm in diameter 
*• or larger. - This is a rediibtibnili diameter by. approximately 750 times.- Using : similar 
30 methods, preforms for the optical fiber of the preferred embodiments can be fabricated 
from silica material in disks 702 with voids drilled in the disks/ The voids can be 
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approximately 750-times bigger thaii the final hole in the optical fiber. For example, 0.01 
... Hm holes in : the final, prpduct ean result -from 7.5 fim holes in the preform,- which can easily 
be fabricated using known laser ablation techniques. The preforms may be fabricated in a 
series of disks 702 whose thicknesses can be from 100 jxm to several centimeters 
5 depending on the size of the voids to be created. The voids can be created using laser 

ablation as mentioned above, or plasma etching using masks to define the size and position 
. of the voids. The voids need not be all in the same position for each disk 702, and indeed 
:.- one purpose of varying the positions of the voids is to limit the length of each void. Once 
the disks are fabricated, they can be grouped together and fused into a single preform 704. 
10 The preform 704 is then heated locally and a single strand of fiber 706 is pulled therefrom. 
In an alternative manufacturing method, the optical fiber of the preferred 
embodiments may be generated by separately generating hollow tubes of desired 
dimension, by pulling a disk 702 that has a single hole in the center. After being pulled, 
, the hollow tubes can be appropriately stacked, bunched together (see FIG. 7 element 708), 
15 and coated to form the desired optical fiber. The bundle of hollow tubes can be pinched at 
random or periodic lengths at the preform stage prior to pulling into fibers. Pinched tubes 
at the preform stage can be stacked and fused prior to pulling. 

In alternative preferred embodiments, the air voids of the optical fiber can be filled 
in whole or in part with an electro-optic and/or electro-active material such as liquid crystal 
20 to make a coupler or amplifier, and magnetic materials for making isolators or circulators. 
Certain sections of the air voids can also_ be.pattemed to fabricate fiber gratings, or a 
segment of the air voids .can be made from material that is more conducive for grating 
patterning. In addition, the core material or cladding material itself need may depart from 
pure homogenous silica, and may be, doped with impurities such as erbium for 
25 amplification, or may be of different geometries for polarization preservation. In these 
cases, local uniforinity of the refractive index is not preserved, so as to achieve special 
. functionality with the optical fiber such as optical coupling, polarization maintaining, 
amplification, and Bragg grating ta name : a few. • r 
♦ - , Other features and advantages -are/enjoyed by an optical fiber in accordance with 
30 the preferred embodiments. With less silica material used, the optical fiber of the preferred 
' embodiments can have a refractive-index that is close to 1, whereas for conventional fiber 
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the refractive index is approximately- lvl ' ftence, the 'optical fiber of the preferred 
embodiments can transport optical signals faster than the conventionaffibef. Moreover, 
by varying the density of the hollow Silica tubes, the velocity of light can be varied. The 
reduced silica material in the hollow silica tubes cait translate to a greater uniformity 
5 (whereas non-uniformity of conventional fibers are due mostly to variation in material and 
diameter), hence resulting in a fiber that can be used for solitons, and other applications 
where fiber homogeneity is important f Massivei parallel interconnects for computers 
require a very homogenous fiber where skew is important. In addition, the optical fiber of 
the preferred embodiments can have numerical aperture tailoring, and because it uses less 

10 silica material, it is lighter in weight ^ > . .» ■■ **. -v v- 

Moreover, because the optical fiber of the preferred embodiments exhibits reduced 
loss and dispersion^ :it can be used over a wider spectrum. More particularly, the optical 

. . fiber of the preferred, embodiments should be capable of operating as a long haul (> 1 00 
Ion) segment at a wide range off infi*ared-wavelengths:(e>^, between 1300-1600 nm), and 

15 should be capable of roperating as a short haul (<50 km * 100 km) segment at an even wider 
range of visible and infrared wavelengths >(e?g.?. between 650-1600 nm). , n,' 

Moreover, the/disks 702 (see FIG] 7) ^-.and therefore therresultihg fiber optical 
structure — can be either made^of uiiiform silica material or with doped refractive-index 
core and cladding to assist in the guiding of the lightwave together with the effective index 

20 effect. Hie use of a traditional optical fiber geometry with a refractive index core and a 
cladding; together with air voids in accordance with the preferred embodiments to enhance 
the guiding and reduce the amount of silica material in the optical fiber, may be 
advantageous in reducing the theoretical loss due to Rayleigh scattering, since the amount 
of silica material is less in an optical .fiber- with voids. In addition, for single mode 

25. : operation, chromatic dispersion can be. reduced with the addition of voids since less silica 
meterial is used. Waveguide dispersioii jwhiehis due to the ratio of the optical power in 
the core and cladding varyingrasla fimctionbf wavelength r can^ also be, significantly reduced 
by the placement of the voids in the/claddingiregipn./iirj ; ?-r p ' jl .'i.TiR 

■ . The reduction^ optical loss;, dispersion and nan-linearities- enjoyed by optical 

30 fibers of the preferred-embodiments result in the sevferal advantages for an optical network, 
including, but not limited to: greater usable bandwidth of the fiber; channel-spacing in a 
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wavelength division multiplexed ^W^M) system can be relaxed thereby reducing the cost 
of the system; higher optical power can be utilized resulting in greater distances between 
amplifiers and repeaters; with reduced dispersion and non-linearities, closer channel 
spacings can be supported thereby increasing the capacity of the fiber; and, potentially, a 
5 single fiber of the preferred embodiment could replace several conventional fibers. 

Another advantage of the*optical>fiber of the preferred embodiments is increased 
immunity to radiation darkening. The radiation darkening of a fiber basically renders the 
• fiber "opaque" to light. Conventional optical fiber suffers from radiation darkening, hence 
its use in a nuclear environment is limited. Although still somewhat susceptible to 
10 radiation darkening, the optical fiber of the preferred embodiments uses a significantly less 
amount of silica, and therefore its optical loss should be less than that of a comparably 
radiation darkened conventional fiber. 

Whereas many alterations and modifications of the present invention will -no doubt 
become apparent to a person' of ordinary 'skill in the art after having read the foregoing 
15 description, it is to be understood that the particular embodiments shown and described by 
way of illustration are in no way intended to be considered limiting. Therefore, reference 
to the details of the preferred embodiments are not intended to limit their scope, which is 
limited only by the scope of the claims set forth below. 

20 
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, CLAIMS . - . - 

What is claimed is: ■ t .... v . . y 

1. An optical fiber, comprising: . 

5 a core region surrounding a center longitudinal axis of the optical fiber, said core 

region comprising a core material having a plurality- of void regions interposed therein, 
said void regions being elongated and parallel to the center longitudinal axis, said void 
- . regions occupying a first percentage, of the area of a cross-section of the core region; and 
. , a cladding region surrounding said core region, said cladding region comprising a 
10 cladding material with a plurality of void regions interposed therein, said void-regions 
being elongated and parallel to the center longitudinal axis, said void regions occupying a 
second percentage of the area of a cross-section of the cladding region* said second 
- percentage being greater than said first percentage; . -v. , ... y 

whereby said cladding region has a lower effective index of refraction than said 
15 core region for allowing propagation of light waves through the optical fiber by an index- 
guiding effect. ■.. vv ^ 

2. The optical fiber of claim 1 , wherein said void regions are occupied by air^ vacuum, 
or an inert gas. 

20 

3. The optical fiber of claim 2, said core material forming a core microstructure 
comprising a plurality of hollow, adjacently touching structures, each structure forming an 
inner void region and a plurality of outer void regions in conjunction with adjacent 
neighboring structures, wherein said inner and outer void regions collectively comprise 

25 said first percentage of the cross-sectional area of the core region. 

4. The optical fiber of claim 3, wherein the largest cross-sectional dimension of any 
structure in the core microstructure is less than 20% of the wavelength of light being 
propagated through the optical fiber. 

30 
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5. The optical fiber of claim 4, said cladding material forming a cladding 
microstructure comprising a pteality^ofitollow, adjacently tofidiing .sli^ctiires, each 
structure forming an inner void region therein and a" plurality of outer void regions in 
conjunction with neighboring structures, wherein said inner and outer void regions 
5 collectively comprise said second percentage . of the cross-sectional area of the cladding 
region, and wherein the largest cross-sectional dimension of any structure in the cladding 
microstructure is less than 20% of the wavelength of light being propagated through the 
. optical fiber. . 

10 6. The optical fiber of claim 5, wherein said core structures and cladding structures 
are intermittently pinched off in the longitudinal; direction, thereby preventing capillary- 
effect flooding of the optical fiber upon unintended introduction of external fluid into the 
optical fiber. . - r-.- 

15 7. : The optical fiber .of claim 6, .wherein the longitudinal positioning of the intermittent 
pinches is randomly distributed among said core and cladding structures. 

8. The optical fiber of claim 6, wherein the longitudinal positioning of the intermittent 
pinches is periodically distributed among said core and cladding structures. 

20 

9. The optical fiber of claim 5, wherein said core region structures and said cladding 
region structures are arranged amorphously across the cross sections of the core region and 
cladding region, respectively. , 

25 10. The optical fiber of claim 5, wherein said core region structures and said cladding 
region structures are arranged. periodically; .across the cross sections of the core region and 
cladding region, respectively, t .... : t _ A . _ r: , . , 

11. The optical fiber of claim 10,, r wherein said core region structures are substantially 
30 uniform in shape and size, and wherein said cladding region structures , are substantially 
uniform in shape and size. 
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. / ; .v " :a .v^iLh^^ bis* orr.^: *'.o radii !*oik}C^.ri 

1 2. - The. optical jfih^qf claim. 1 1 ^whereiiiNsaidxo^and cladding "materMs have 
refractive indices near { l;5, f Whereirir said cdre^jsgion^tructures comprise cylindrical tubes 
having- outside and'inside diameteranear 0;1 jomand 0.05 '(amv respectively, and wherein 

5 said cladding region' structures comprise, cylindrical tubes having outside and inside 
diameters near 0.102 \im and 0.052 ^m; respectively, whereby said core region has an 
effective index of refraction of 1 .3750 and said cladding region has an effective index of 
1.3701 for allowing an index-guiding effect for propagating light waves down said fiber 
due to the 0.356% difference in effective index of refraction. 
10 •*♦'• : 'vt ♦ . r.-. * i 

13. The optical fiber of claim 12, wherein said core region has a diaineter near 8 \xm 
and said cladding region has an outside 1 diiameter near $25 junior single-mode propagation 
of light at 1 .3 fxm to 1 .55 fim through the optical fiber. 

15 14. A micrdsthrctured optical fiber for ^opagktmglight m a longitudinal direction * 
said microstractxired optical tiber compfisulg a k light-66iifinmg region disposed around a 
center longitudinal axis, said light-confining region comprising a fiber optic material 
having a plurality of ah* voids interposed therein, skid air voids being elongated and 
parallel to the center longitudinal axis, wherein each of said air Voids is intermittently 

20 pinched off in the longitudinal direction, thereby preventing capillary-effect flooding of the 
optickl fiber upon unintended introduction of external fluid into the optical fiber. 

15. The optical fiber of claim 14, wherein the longitudinal positioning of the 
intermittent pinches is randomly distributed among the air voids. 

16. ~ TWdptrcal fiber of ^rti " 
intermittent pinches is periodically distributed among ifte 'iSf ! ^oids. r ' ' "° ' ^ : ° 

17. A optical fiber hi propagat^ an 
30 index guiding effect, comprising: * " * >J " 1 : r " - v«r 
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a microstructured core comprising a plurality of hollow, longitudinally extending 
core cells formed by core material,, the, corp. material- occupying a first percentage of a 
cross-section of said microstructureci pore;; .... = ^: < 

a microstructured cladding suiTOimding the microstructured core, said 
5 microstructured cladding comprising a plurality of hollow, longitudinally extending 
cladding cells formed by cladding material, the cladding material occupying a second 
percentage of a cross-section of said microstructured cladding; 

wherein said first percentage is greater than said second.percentage for causing said 
microstructured core to have a higher effective index of refraction than said 
10 microstmctured cladding for allowing index-guiding of light waves through the optical 
fiber. ...... 

18. The optical fiber of claim 17, wherein an average cross-sectional dimension of said 
core cells and cladding cells is less tiian 0.1 fim., , . 

19. The optical fiber of claim 1 8, wherein a collective cross-section of said 
niicrostructured^core.and microstmctured cladding is more than S0% hollowed area. 

20. /The optical fiber of claim 19, wherein the cross-section of the microstructured core 
20 is more than 50% hollowed area. 

21 . . The optical fiber of claim 20, wherein the cross-section of the microstructured 
cladding is more than 50% hollowed area. r 4 1 „ i ^ J 

25 22. . The optical fiber of claim 17, wherein said optical fiber is configured and . 
dimensioned to propagate light at a,yelocity that is greater than c/1 .25, where c is the 
velocity of light in a vacuum. 

23. The optical fiber of claim 17, wherein an.ayqr^ge cross-sectional dimension of said 
30 core cells and cladding cells is less than 0.1 (im, and wherein said core cells and cladding 
cells are amorphously arranged with respect to a cross-section of said optical fiber. 
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24. TEe optical- fiber of claim 17; whereii ah average 1 cross-sectional dimension of said 
core cells and cladding cells is less than 0.1pm, and wherein said core cells and cladding 
cells are periodically' arranged with respect to a cross-section of said optical fiber. 

25. The optical fiber of claim' 24, wherein said core cells and cladding cells are tubular 
in shape. " . 

26. The optical fiber of claim 24, wherein said core cells are cylindrically tubular in 
10 shape, and wherein said cladding cells are hexagonally shaped in the cross-sectional 

direction. 

: 27.' " The optical fiber of claim 24, : whefeih said optical fiber is configured and 
dimensioned to propagate light at a Velocity that is greater than c/l .i 5, where c is the 
15 velocity of light in a vacuum. 

28. The optical fiber of claim' 17, wherein said core cells and cladding cells are * 
intermittently pinched off in the longitudinal direction, thereby preventing capillary-effect 
flooding of the optical fiber upon unintended introduction' of external' fluid into the optical 

20 fiber. 

29. The opticaEl fiber of claim 28, wherein longitudinal positioning of the intermittent 
pinches are randomly distributed among the core cells and cladding cells. 

25 30. The optical fiber of claiih 29, wherein longitudinal positioning of the intermittent 
pinches are periodically distributed arh(&[^ : tlie' corfe Mis and cladding cells. ' 

31. The optical fiber of claim 1 7, wherein no substantial number of core or cladding 
cells has a cross-sectional dirn^nsiofi gr^a^'thkn 03 jlm in a substantial portion of said 
30 optical fiber. - *" .. ^ \r ^ 
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32. Aa optical fiber comprising: 

a core comprising a first material /and a. second materiahin phases- distinct from each 
other, said core having a first effective refractive index; and . ■ * " 

a cladding surrounding said core and comprising a third material and a fourth 
5 material in phases distinct from each other, said cladding having a second effective 
refractive index; • 

wherein said first refractive index is greater than the second refractive index and 
said optical fiber transmits light by an index-guiding effect • ■ 

10 33. An optical fiber as in claim 32m which the first material is glass or plastic and the 
second material is selected from the group consisting of a solid material having a 
a refractive index different from that of the first material, a liquid, a gas, and vacuum. 

An optical fiber as in claim 32 in which the first and third-materials are continuous 
along the length of the optical fi ber whereas the second and fourth materials • 
comprise individual elongated portions extending along the length of the optical 
fiber.- ;■• • ' l - r r if : A >" ■ ■ . '■■ - 



35. An optical fiber as in claim 32 in which said first material is in the form of tubular 
20 structures and said second material is inside and between said tubular structures. 

36. i. An optical fiber as in claim 3 5 -in which' said tubular structures are generally round 

in cross-section. ' - • - ,t 

25 37. /An optical fiber as in claim 32; in which said first material is in the form of tubular 

structures that have polygonal jcross^sectioiis and said second material is in said 

tubular structures.. b' n -sit r&d: -sJss-.: - i \ ■ 

. . "i. ":c ri..?/. i :r\ ^i::,^ "V v:: r - '/'i ! •■?£■ • 

38 . An optical fiber as in claim dSincwhich saidiirst and third material form a 
30 continuous phase matrix and said second and fourth materials occupy voids in said 

matrix. 
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39. An optical. fiber asin claim 38' inswhictesaid voids are elongated in a direction 
along the length of the optical fiber. 
■ ' ; ; r 5 " , . '-jo * \ ' 

5 40. A method of making an optical fiber comprising: 

fabricating disc-shaped individual preforms of a first material, each individual 
preform having axially extending portions df a second material included therein; 

stacking a number of said' individual preforms to form a combined preform in 
which said elongated portions of the second material in each of the individual preforms 
10 extend generally in the same direction but generally are offset from those of adjacent 
^individual preforms; . ^ r 

' drawing the combined preforms to Form an optical fiber in which an effective index 
of refraction in a core portion is greater than an effective index of refraction in a cladding 
-portion that" surrounds the core portion/ and ; each of the core and cladding comprise said 
15 first material aiid elongated portions iofsaid second material. 

■ ' : : ^c: vM?b f ior^ o. ^oq csh • - i * r • 
41 . A method as in claim 40 in which the first material comprises glass and the second 
material comprises air. 

20 42. A method of making an optical fiber comprising: 

forming a core portion comprising a first material and elongated portions of a • 
second "material, with a first ratio of cross-sectional area of the first material to cross- 
sectional area of the second material; 

surrounding the core portion with a cladding portion of a third material and 
• 25 * elongated.portions of a fourth material, with, a second ratio of cross-sectional area of the 
third material to cross-sectional area of the', fourth material; r 

wherein the first ratio is greater than the second ratio; ,, ;,. ^ • j 
said elongated portions extend along the length of the optical fiber; and 
said optical fiber transmits light by aiitindex-guiding effect. 
• 30" . : , •• ; . ::. , • .-. Iw : . " • v *' 
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43. A method as in claim 41 in which said forming and surrounding comprise forming 
tubular structures of a first material filled with the second material, and tubular 
structures of the third material filled with the second material, and stacking said 
tubular structures to form said core and cladding. 

5 

44. A method as in claim 43 in which said stacking comprises forming elongated 
portions of the second material. between tubular structures in the cord, and forming 
elongated portions of the fourth material between tubular structures in the cladding. 

10 45. A method as in claim 41 in which said first and third materials are glass and said 
second and forth materials are air. 



15 V; \J 

. O C; f 




BNSOOCIO: <WO 0196919A1 J_> 



WO 01/96919 PCT/US01/18444 

1/4 



700 



X O O O O n 

I / o o o o 
/ooQOo 

\ 006 
\ o o o o o 

X GO O O ,< 





104 



I . i. 



F/G. 7 




F/G. 2 



WO 01/96919 PCTVU501/18444 

i\2/4 




FIG. 4 



BNSDOCID: <WO 0196919A1_!_> 



WO 01/96919 



3/4 



PCT/US01/18444 




FIG. 5 




602 



FIG. 6 



BNSDOCID:<WO 0196919A1 I > 



BNSDOCID: <WO_0196919A1. 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US01/18444 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) : G02B 6/20 

US CL :385/125, 123, 127 
According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 385/125, 123, 127, 124, 126, 128, 129 ^' 



Documentation searched other tharr minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 

(CORE$l AND CLAD$4) AND (VOID ADJ REGION$l) ANEj <(MICROSTRUCTyRE$l ADJ OPTICAL ADJ FIBERS 1) 
OR (MICROSTRUCTURE ADJ OPTICAL ADJ FIBRES 1)) AND (AIR OR' GAS OR VACUUMY 



C. DOCUMENTS CONSIDERED TO BE RELEVANT ^ 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 5,802,236 A (DiGioyanni \.et jalj. 01 September 1998 
(01.09.1998), see figure 5 and abstract 

US 5,907,652 Af (DiGiovanni Wt al.) 215 May;1999 (25.05.1999), 



1-45 



1-45 



see entire document 



I 



| ] Further documents are listed in the continuation of Box C. See patent family annex. 



* Special categories of cited documents^ 

"A" document defining the general state of the art which is not considered 
to be of particular relevance . ' 

"E" earlier document published on or after the- international filing data- ~~Z2 

"L" document which may throw doub^ on pfrlOrlty claim(s) or which is- - 

cited to establish the publication 'date oC^Q.ftier citoUpn w other 
special reason (as specified) • . ™.. '..*"."" 1" 

"O" document referring to an oral disclosure, use, exhibition or other 

means 

"p" document published prior to the international filing date but later than 
the priority date claimed 



later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand the 
principle or theory underlying the invention 

*X*-- document of particular relevance; the claimed invention cannot be 

" " considered novel or cannot be considered to involve an inventive step 
when the documejuis token alone ' 



-"■V 3 - — - document of particular relevance; the claimed invention cannot be 
— " ' considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 
20 SEPTEMBER 2001 



Date of-mailine_ofjthe international search repoi 

.13 NOV 2001 




Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 



Authorized officer 

PHAN T. H. PAL: 
Telephone No. (703) 308-4848 



Form PCT/ISA/210 (second sheet) (July 1998)* 



V 



: if . : 



i 



: ' * :: 1 •' - ! 

■ \m. • '■ ■ . 

. .. , : • * - ; V - t; ... : : •■• 

;•. . .... ... ., ,r • , ■ -r- ■ --. • y,.. ■ ., ■ 

. • ...... ; ... ' „ .. 



